Head and neck squamous cell carcinomas (HNSCC) exhibit constitutive activation of transcription factors nuclear factor-KB (NF-KB) and activator protein-1 (AP-1), which are modulated by the proteasome and promote resistance to cell death. HNSCC show variable sensitivity to the proteasome inhibitor bortezomib in vitro as well as in murine xenografts and patient tumors in vivo, and the mechanisms are not well understood. To address this question, the sensitivities of nine HNSCC cell lines to bortezomib were determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays, and the potential relationship between the sensitivity and bortezomib effects on biological processes was examined in
Introduction
Constitutive activation of the nuclear factor-nB (NF-nB) and activator protein-1 (AP-1) signal transduction pathways have been identified as prominent events promoting tumor progression of hemopoietic and solid malignancies (1 -4) , including head and neck squamous cell carcinomas (HNSCC; refs. 5 -7). We have shown that NF-nB is frequently coactivated with AP-1 and promotes the proliferative, prosurvival, and proangiogenic cancer phenotype (6, 7) . Targeting NF-nB and AP-1, or upstream signal transduction pathways by genetic or chemical inhibitors, has been shown to effectively suppress the tumor phenotype in vitro as well as inhibit tumor growth in preclinical animal models and patient tumors in vivo (4, 5, 7 -11) . Subsequent clinical studies have correlated NF-nB and AP-1 pathways, as well as their targeted biomarkers, with worse prognosis (12 -15) . Thus, aberrant activation of NF-nB and AP-1 are critical signal transduction pathways promoting the aggressive tumor phenotype and survival of HNSCC.
Bortezomib (Velcade/PS-341) has been developed in recent years for molecular targeting and inhibition of the proteasome, a complex that mediates the turnover of many intracellular proteins, including those controlling cell signaling, survival, and cell cycle regulation (16, 17) . Bortezomib selectively inhibits proteasome activity, which is required for activation of NF-nB and degradation of components of AP-1 and other signal pathways involved in the pathogenesis of cancer (16 -18) . Bortezomib can inhibit the NF-nB pathway through its inhibitory effects on degradation of ubiquitinated inhibitor nB (InB), which binds and sequesters NF-nB in the cytoplasm, inhibiting its nuclear localization and binding to the promoters of target genes (11, 16, 17, 19 -21) . The protein components of AP-1 family members are also degraded through the proteasome system (18, 21) . The inhibitory activity of bortezomib has been shown against a spectrum of cancer cells in culture (11, 19 -29) and in animal models (11, 30 -32) , including suppression of NF-nB and other signal transcription pathways (11, 16, 17, 19 -25, 27, 34) , with induction of cell apoptosis and cell cycle arrest (19, 20, 22 -35) . The molecular and clinical effects of bortezomib and potential mechanisms of variable activity have been most extensively studied in multiple myeloma and certain other hematopoietic malignancies (20, 22 -25, 33 -35) but to a lesser extent in solid cancers (8, 11, 19, 26 -32) . In clinical trials of carcinomas and solid tumors, lower response rates and greater heterogeneity in responsiveness to bortezomib monotherapy was observed compared with multiple myeloma (36 -38) , and combination of bortezomib with other anticancer agents has been undertaken in an effort to achieve significant anticancer effects in vivo (8, 37, 39) .
Bortezomib shows antitumor and radiosensitizing effects in HNSCC cell lines and SCC animal models, which exhibit constitutively activated NF-nB (4 -11, 32) , and these responses are associated with inhibition of NF-nB, its target genes and expected cytopathic effects (11, 32) . The antitumor effects of bortezomib against HNSCC in vitro and in murine models, and its suppressive effects against radiation-induced NF-nB activation (39) , led us to develop a phase I clinical trial to investigate the optimal dose, schedule, toxicity, and antitumor effects of combination therapy of bortezomib and radiation in patients with HNSCC. In this trial, heterogeneity in response to the combination therapy has also been observed, with 5 of 17 evaluable patients treated to date showing objective responses (8) . 3 Identification of molecular mechanisms for these differences in sensitivity, and markers for selection of therapy with bortezomib and/or additional agents, is desirable.
In this study, we identified a bortezomib-sensitive cell line, UM-SCC-11B, and a cell line of isogenic origin from the same patient, UM-SCC-11A, which showed relatively less sensitivity to bortezomib, similar to other members of a nine UM-SCC line panel. Between the two cell lines, we observed significant differences in their response to treatment in terms of proteasome inhibition, accumulation of ubiquitinated proteins, and corresponding effects on activation of transcription factors NF-nB and AP-1. Activation of AP-1 inhibited by c-Jun NH 2 -terminal kinase (JNK) and p38 antagonists sensitized the more resistant line to the effects of bortezomib. These findings suggest that differences in proteasome-dependent effects on NF-nB and AP-1 may contribute to the differential sensitivity of HNSCC to bortezomib. Understanding such molecular differences involved in the cellular responses to bortezomib could provide biomarkers to guide us in improving the selection and potential combinations of treatment to be used with bortezomib.
Materials and Methods

HNSCC Lines
Human UM-SCC cell lines were derived from patients with SCC arising from sites in the upper aerodigestive tract at the University of Michigan, following informed consent, as described previously (Supplementary Table S1 ; 4 refs. 40, 41) . The cell lines established from each patient specimen are designated by a numeric designation, and where isolates from two different time points or anatomical sites were obtained from the same patient, the designation includes an alphabetical suffix (''A'' or ''B''). The cell lines used were maintained in Eagle's MEM supplemented with 10% fetal bovine serum and penicillin/streptomycin. Reagents Proteasome inhibitor bortezomib was obtained from Millennium Pharmaceuticals under a Materials Cooperative Research and Development Agreement (8, 11) . Tumor necrosis factor-a was purchased from R&D Systems. Rabbit polyclonal antibodies against h-tubulin (sc-9104), ubiquitin (sc-9133), and goat anti-rabbit IgG-horseradish peroxidase (sc-2004) were purchased from Santa Cruz Biotechnology. The chemical inhibitor for JNK, SP600125, was obtained from Biomol; the p38 inhibitor, SB203580, was obtained from Calbiochem/EMD Biosciences; and the inhibitors for MEK, UO126 and PD98059, were obtained from Promega and Calbiochem/EMD Biosciences, respectively.
Measurement of Cell Proliferation and Viability by Trypan Blue Exclusion
Cell proliferation was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells (5 Â 10 3 ) were plated in a 96-well microtiter plate in quadruplicates and treated by bortezomib the next day. MTT labeling reagent (Boehringer Mannheim) was added on days 1, 3, and 5 after treatment, and colorimetric absorbance was measured at 570 nm by a microplate autoreader (Biotek). For trypan blue exclusion assay, 2 Â 10 5 UM-SCC-11A cells and 3 Â 10 5 UM-SCC-11B cells were plated in T-25 flask and exposed to bortezomib 48 h after plating. Cells were harvested, stained with trypan blue dye, and visually counted under microscope at different time points.
Apoptosis and Cell Cycle Analysis by Flow Cytometry UM-SCC-11A and UM-SCC-11B cells were plated in T-25 flask and treated with bortezomib at different concentrations as indicated. Cells were harvested at 12, 24, and 96 h after treatment and 10 5 cells were collected for DNA cell cycle and apoptosis analysis using cycleTEST Plus DNA reagent kit (Becton Dickinson). Cellular DNA was labeled with propidium iodide, and DNA content of 10,000 cells in each sample was measured by flow cytometry (FACScan; Becton Dickinson). Percentage of apoptotic and viable cells in each phase of cell cycle were analyzed by ModFit LT software (Verity Software House).
SCC Xenograft Tumor Model
BALB/c severe combined immunodeficient mice (4-6 weeks old) were obtained from the National Cancer Institute, Frederick Cancer Research and Development Center, and housed in a pathogen-free animal facility. UM-SCC-11A or UM-SCC-11B cells (1.5 Â 10 7 ) were injected s.c. over the flanks of immunodeficient BALB/c severe combined immunodeficient mice (11, 32) . When f0.3 cm 3 palpable tumors were developed, 2.0 mg/kg/ dose bortezomib (maximum tolerated dose tested previously) was administered by i.p. injections on a Monday/ Wednesday/Friday schedule weekly for a total of three doses. Tumor size was measured weekly with an engineer caliper by an independent animal care personnel and presented as tumor volume that resulted from 2 (tumor width) Â tumor length.
Terminal Deoxynucleotidyl Transferase^Mediated dUTP Nick End Labeling SCC xenograft tumor specimens were harvested at different time points after bortezomib treatment, and thin frozen sections were processed by American Histo Lab. Terminal deoxynucleotidyl transferase -mediated dUTP nick end labeling (TUNEL) assay was carried on the specimens according to the manufacturer's instructions (Chemicon International).
Measurement of Proteasome Activity Proteasome activity was measured according to the protocol by Elliott et al. (42) . Protein lysate (10 Ag) was incubated with the synthetic peptide substrate LLVY-AMC (Bachem) in each well of the 96-well plate in triplicates, and the release of the fluorophore AMC was measured by Wallac Victor 2 1420 multilabel counter at 37jC (k ex = 380 nm and k em = 450 nm). The kinetics of proteasome inhibitory activity was measured for five repetitive times after 10-s shaking and 4-min incubation.
NF-KB Binding Activity To detect NF-nB p65 binding activity, cell nuclear extracts were obtained using Nuclear Extraction kit (Active Motif). Nuclear extracts (10 Ag) were used in each reaction in triplicates. The binding activity was evaluated using TransAM kits for NF-nB family members according to manufacturer's protocol (Active Motif). The absorbance was measured at wavelength of 450 nm by a microplate reader (Biotek).
Reporter Gene Assays 5XNF-nB-luciferase and 7XAP-1-luciferase reporter gene constructs were purchased from Stratagene. Murine dominant-negative InBaM plasmid (pCMX InBaM) was kindly provided by Dr. Inder M. Verma (Salk Institute; ref. 7) . Cells were plated at 5 Â 10 4 per well in a 24-well plate in triplicates and the next day were transfected with 0.3 Ag plasmid DNA plus Effectene Transfection Reagents for 3 h at 37jC following manufacturer's suggestions (Qiagen). After transfection, the cells were grown in Eagle's MEM plus 10% fetal bovine serum and exposed to bortezomib. The cell lysates were harvested and reporter gene activities were assayed using the Dual-Light Luciferase Reporter Gene Assay System (Tropix). The chemiluminescence activity was measured by a Monolight 2010 luminometer (Analytical Luminescence Lab).
Isolation of Whole-Cell Extract Cells were plated in 100-mm tissue culture dishes and allowed to grow until 80% to 90% confluent, and the wholecell lysates were isolated using nuclear extract kit (Active Motif). Cultured cells were washed with ice-cold PBS/ phosphatase inhibitors and scraped and then were lysed in 100 AL lysis buffer and pipetted up and down several times. The lysates were incubated for 10 min on ice followed by centrifuged at 14,000 Â g for 20 min at 4jC, and the supernatants were collected and stored at -80jC. Total protein concentrations were determined using the Pierce BCA protein assay method.
Western Blot Analysis Whole-cell lysates (20 Ag) were mixed with Laemmli loading buffer (containing h-mercaptoethanol) and heated at 100jC for 5 min. The samples were loaded onto 10% Tris-glycine precast gels and electrophoresed at 140 V for 90 min. The proteins were transferred to 0.45 Am nitrocellulose membranes (Invitrogen) for 2 h at 20 V at room temperature using the Invitrogen Gel Blot Module. Immunoblotting was conducted according to manufacturer's specifications. Primary antibodies were diluted in 5% nonfat powdered milk prepared from TBS-Tween 20 and diluted at 1:500, and the secondary goat anti-rabbit IgGhorseradish peroxidase was used at 1:1,000 dilution. Each blot was incubated with Pierce Super Signal West Pico substrate and exposed to Kodak X-OMAT film.
Results
Differences in Sensitivity of UM-SCC Cell Lines to Bortezomib
We screened nine UM-SCC cell lines and normal human keratinocytes for their sensitivity to bortezomib by MTT cell proliferation assay and identified UM-SCC-11B as the most sensitive cell line ( Fig. 1A ; Supplementary Table S1). 4 The IC 50 value for bortezomib in UM-SCC-11B was 0.37 nmol/L, whereas a modest sensitivity was observed among cell lines, UM-SCC-1, UM-SCC-5, UM-SCC-6, UM-SCC-11A, UM-SCC-22A and UM-SCC-22B, where the IC 50 values were f0.54 to 1.1 nmol/L. The most resistant cell lines identified were UM-SCC-9 and UM-SCC-38, where the IC 50 values were 7.19 and 8.37 nmol/L. Although UM-SCC-11B and the other UM-SCC studied showed greater activation and dependence on NF-nB activation than UM-SCC-9, the degree of sensitivity to bortezomib among the cell lines was not strictly proportional to NF-nB activation ( Fig. 1B; refs. 6, 7, 43) , suggesting that other factors could contribute to the differential sensitivity observed. Cultured human normal keratinocytes also showed a relatively low IC 50 (0.48 nmol/L), which was comparable with the tumor cells, while exhibiting minimal activation of NF-nB in culture (43) .
To further investigate the potential mechanisms of the differential sensitivity of UM-SCC cell lines to bortezomib, we elected to study separate isolates of the same primary hypopharyngeal HNSCC, which, interestingly, showed different alterations in sensitivity to bortezomib and other agents before (UM-SCC-11A) and after chemotherapy with cisplatin (UM-SCC-11B; Supplementary Table S1; 4 refs. 40, 41). After cisplatin chemotherapy, UM-SCC-11B cells showed elevated constitutive and epidermal growth factor induced NF-nB and STAT3 levels, and resistance to epidermal growth factor receptor inhibitor, gefitinib (7, 44, 45) , but greater sensitivity to bortezomib in vitro and in murine xenografts (11) . When we compared the cell viability of the two cell lines by trypan blue exclusion assay after treatment with bortezomib, we confirmed our previous observation that UM-SCC-11B cells were more sensitive to bortezomib than UM-SCC-11A cells in terms of induction of cytotoxicity and reduction of viable cells (Fig. 1C) .
Antitumor Activity of Bortezomib In vivo The antitumor activity of bortezomib in UM-SCC-11A and UM-SCC-11B was further evaluated in a xenograft tumor model in severe combined immunodeficient mice (11, 32) . A HNSCC xenograft tumor model established by s.c. injection of tumor cells was used in this study to examine the potential differences in response to bortezomib, as the rate of growth of tumors when implanted orthotopically causes premature death due to obstruction of swallowing or respiration. However, this model represents many molecular characteristics similar to other HNSCC xenografts implanted in orthotopic murine models (46) . At maximal tolerated doses, we observed tumor regression of UM-SCC-11B tumors after three injections ( Fig. 2A, right ) but no effect on UM-SCC-11A tumors ( Fig. 2A, left) . Tumor specimens were also harvested after bortezomib treatment. Bortezomib treatment induced UM-SCC-11B tumor cell nuclear condensation and tissue degradation (Fig. 2B, top right) , as well as TUNEL labeling consistent with apoptosis (Fig. 2B, bottom right) , when compared with the vehicle controls (Fig. 2B, left) . However, the morphology of UM-SCC-11A tumors after treatment were the same as the vehicle controls, and there was no TUNEL labeling observed in the UM-SCC-11A tumor samples treated with bortezomib (data not shown).
Bortezomib Induced Cell Cycle Blockade in UM-SCC-11A Cells and Cell Apoptosis in UM-SCC-11B Cells
To further determine if bortezomib induced differential effects on cell cycle and/or apoptosis in UM-SCC-11A and UM-SCC-11B cells, DNA cell cycle analysis was done by flow cytometry. UM-SCC-11A cells treated with The next day, cells were exposed to bortezomib at different concentrations (day 0). Cells were labeled with MTT reagent for 4 h at days 1, 2, and 3 after treatment, and the absorbance of labeled cells was measured the following day. Representative of repeated experiments showing mean F SD from quadruplicates. The IC 50 shown was calculated using the data from day 2. B, nuclear extracts were harvested from cultured UM-SCC cells, and NF-nB p65 binding activity was measured using a TransAM NF-nB binding kit with 10 Ag nuclear extract in each well. Mean F SD from triplicates. C, cytotoxic effects of bortezomib in UM-SCC-11 A and UM-SCC-11B cells were tested by trypan blue assay. UM-SCC-11A (left ) and UM-SCC-11B cells (right ) were plated in the T-25 flask in triplicates and treated with bortezomib at 10 À9 and 10 À8 mol/L 48 h later. At the each time point, both attached and detached cells were collected, stained with trypan blue dye, and counted. Total viable cells were calculated and presented.
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À8 mol/L bortezomib showed a significant cell cycle arrest in G 2 -M phase between 12 and 24 h after treatment (Fig. 3A) . In contrast, UM-SCC-11B cells, treated with the same concentration of bortezomib, showed a slight alteration of cell cycle distribution at 12 h and a markedly increased sub-G 0 -G 1 DNA fragmentation peak within 24 h after treatment, consistent with apoptosis (Fig. 3B) . At the lower concentration (10 À9 mol/L), no significant cell cycle alteration or apoptosis were observed in UM-SCC-11A cells (Fig. 3A) , but apparent changes of cell cycle were observed in UM-SCC-11B cells (Fig. 3B) .
Differential Inhibition of Proteasome Activity by Bortezomib in UM-SCC-11A and UM-SCC-11B Cells
We next explored if the different sensitivity to bortezomib observed in UM-SCC-11A and UM-SCC-11B was potentially due to intrinsic differences in proteasome inhibition. We tested the proteasome activity in both cell lines after bortezomib treatment at different time points and found that strong inhibition was observed by 4 h after bortezomib treatment. As shown in Fig. 4 , at a lower dose of bortezomib (10 À9 mol/L), there was a slight but significant stimulation of proteasome activity in UM-SCC-11A cells but inhibition in UM-SCC-11B cells (Fig. 4A) . At higher concentrations, we saw stronger inhibition of proteasome activity in UM-SCC-11B cells when compared with UM-SCC-11A cells (Fig. 4A) . In addition, we examined the accumulation of ubiquitinated proteins, an effect of proteasome inhibition, in the two cell lines following treatment with 10 À8 mol/L bortezomib at the different time points. More significant accumulation of ubiquitylated proteins was observed in UM-SCC-11B cells than in UM-SCC-11A cells (Fig. 4B) , consistent with stronger proteasome Bortezomib Effects on NF-KB and AP-1Activity
To explore if differences in sensitivity could reflect differences in NF-nB and/or AP-1 activation detected previously in HNSCC, we examined basal and bortezomib induced activity. UM-SCC-11A and UM-SCC-11B cells exhibited high basal levels of constitutively activated NF-nB as shown by NF-nB p65 binding (Fig. 1B) and reporter activities (Z. Chen, data not shown). UM-SCC-11A cells exhibited higher transfection efficiency and absolute luciferase activity than UM-SCC-11B cells; however, after normalization to h-gal activity, UM-SCC-11B showed 2-fold higher reporter activity than UM-SCC-11A cells (Z. Chen, data not shown), consistent with the difference in binding activity. To examine if the differential sensitivity to the proteasome activity and protein ubiquitination in UM-SCC-11A and UM-SCC-11B cells. UM-SCC-11A (left ) and UM-SCC-11B (right ) cells were treated with bortezomib at different concentration, and the cell lysates were harvested 4 h after treatment. The proteasome activity was measured, and data were calculated and presented as the mean F SD from the triplicates. *, indicates statistical significance compared with controls (t-test, P < 0.05). Cells were treated with bortezomib at 10 À8 mol/L and the cell lysates were harvested at different time points. The protein ubiquitination was assessed by the Western blot analysis with anti-ubiquitin antibody (B).
bortezomib observed in UM-SCC-11A and UM-SCC-11B cells was related to their NF-nB activity, NF-nB-luciferase reporter assays were conducted after cells were exposed to 10 À8 mol/L bortezomib at different time points (Fig. 5 ). Bortezomib transiently increased NF-nB activity in UM-SCC-11A cells at the early time points (4 and 8 h after treatment) followed by relatively weaker NF-nB inhibition at 16 and 24 h after treatment (Fig. 5A) . Bortezomib reduced NF-nB reporter activity in UM-SCC-11B cells by 4 h and reached statistical significance to nearly complete inhibition by 16 to 24 h after treatment (Fig. 5B) . Next, we asked whether NF-nB activity in the cells could be stimulated and inhibited by the classic mechanisms, such as tumor necrosis factor-a, or overexpression of a dominant-negative InBaM by transient transfection. In both cell lines, tumor necrosis factor-a was able to stimulate NF-nB reporter activity, and expression of the dominant-negative InBaM was able to completely suppress NF-nB reporter activity ( Fig. 5C and D) .
Our laboratory previously identified another transcription factor AP-1, which is constitutively coactivated and promotes proliferation and the production of proangiogenic cytokines in HNSCC (6, 7) . Because the induction of AP-1 occurs in response to many types of cellular stress, and degradation of proteins such as c-Jun that comprise AP-1 occurs via the proteasome (18), we tested if bortezomib affected AP-1 activity in these cells. As shown in Fig. 5E , bortezomib significantly increased AP-1 activity, as early as 4 h after treatment in UM-SCC-11A cells, but not in the UM-SCC-11B cells (Fig. 5F) .
Blockade of Upstream Signaling Pathways Activating AP-1 Enhanced Bortezomib Effects in UM-SCC-11A Cells
We next examined if the constitutive and bortezomibinducible AP-1 activity by bortezomib could contribute to the relative resistance of UM-SCC-11A cells. Because multiple signal transduction pathways upstream of AP-1 may contribute to AP-1 activation, several chemical inhibitors for these pathways were tested, including specific JNK inhibitor SP600125, p38 inhibitor SB203580, and MEK/ extracellular signal-regulated kinase (ERK) inhibitors UO126 and PD98059 (27) . We titrated these chemical inhibitors to suboptimum dosage for inhibition of MTT in UM-SCC-11A cells and combined them with bortezomib at 10 À8 mol/L (Fig. 6A) . We found the combination of bortezomib with JNK inhibitor SP600125 showed significant synergistic inhibitory effects on cell proliferation of UM-SCC-11A cells (Fig. 6A, left) . Other inhibitors, such as À8 mol/L for different time points. Cell lysates were harvested and analyzed for luciferase activity using Tropix Dual-Light reporter assay system. Each value were adjusted to controls and represented as the mean F SD luciferase activity from triplicates. For the positive controls, the cells were also cotransfected with dominant-negative InBaM plasmid with a NF-nB luciferase reporter construct and treated with 2,000 units/mL human recombinant tumor necrosis factor-a for 24 h (C and D). *, indicates statistical significance compared with controls (t-test, P < 0.05).
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Mol (Fig. 6A, right) and UO126 and PD98059 for the ERK pathway, showed lesser combined activity (data not shown). Consistent with this, the combination of bortezomib and the JNK inhibitor SP600125 showed more significant inhibition on AP-1 reporter activity in UM-SCC-11A cells than either agent alone (Fig. 6B) . Our data support the hypothesis that activation of JNK and AP-1 pathways could contribute to bortezomib resistance in UM-SCC-11A cells.
Discussion
In this study, sensitivity to bortezomib was determined in a panel of nine UM-SCC lines and cultured normal human keratinocytes, and the role of NF-nB and other potential mechanisms in bortezomib sensitivity were examined. The pharmacologic concentrations for the IC 50 ranged between 0.37 and 8.37 nmol/L (Fig. 1) , consistent with the range of sensitivities for other solid and hematopoietic malignancies (11, 19 -28, 30 -35) rather than the higher IC 50 reported previously for HNSCC lines (29) . Although UM-SCC-11B and most other UM-SCC cell lines studied exhibited greater NF-nB activation and bortezomib sensitivity than UM-SCC-9 and nonmalignant keratinocytes, the differential sensitivity to bortezomib among the cell lines in this study was not strictly proportional to the baseline differences in activation of NF-nB ( Fig. 1B; ref. 6, 8, 43) , indicating that other NF-nB-independent mechanism(s) potentially affected by proteasome inhibition may contribute to the differential sensitivities (16 -18) .
Comparison of UM-SCC-11A and UM-SCC-11B cell lines isolated from the same patient before and after chemotherapy with cisplatin displayed different sensitivities and responses both in vitro and in vivo ( Fig. 1; Supplementary  Table S1 ), 4 suggesting that differences in mechanism(s) intrinsic to these cell lines could contribute to their differential sensitivities to bortezomib. Comparison of baseline and post-treatment levels of Bcl-2/Bcl-xL and Hsp27, previously implicated in intrinsic differences in sensitivity of multiple myeloma (25, 33) , did not substantially differ between the lines (data not shown). Although UM-SCC-11A and UM-SCC-11B both showed similarly high levels of NF-nB activation, they displayed greater differences in the kinetics and extent of proteasome inhibition, ubiquitination, and AP-1 activation (Figs. 4 and 5) . Inhibitors of JNK and p38 inhibited activation of AP-1 and sensitized cells to bortezomib (Fig. 6 ), indicating that bortezomib-induced signal activation of these kinase pathways both contribute to these differences in sensitivity and may serve as potential targets for combined therapy in HNSCC.
The difference in IC 50 for bortezomib between UM-SCC-11A and UM-SCC-11B cells in vitro was less than 1 log À8 mol/L bortezomib for 24 h. The cells were harvested and reporter activity was measured as described previously. *, indicates significant inhibition by single agent, and **, indicates the significant inhibition by combined treatments compared with single agents (t -test, P < 0.05).
in the concentration range, but such a difference corresponded with a significantly altered drug activity for UM-SCC-11A or UM-SCC-11B xenograft tumor growth in vivo ( Fig. 2A) . At the maximally tolerated dosage in this preclinical xenograft tumor model, bortezomib induced UM-SCC-11B tumor regression ( Fig. 2A) and cell apoptosis by TUNEL staining (Fig. 2B) but had no inhibitory effect on UM-SCC-11A tumors at the maximally tolerated dose ( Fig. 2A; data not shown) , indicating that such a dosage of bortezomib did not achieve sufficient intratumoral concentrations to induce regression of UM-SCC-11A tumors in vivo. Such differences in the response to bortezomib by the two cell lines in vitro and in vivo are consistent with differences in clinical responses in our ongoing phase I trial of combination therapy of bortezomib with reirradiation in patients with recurrent HNSCC (8, 47) , where objective responses have been observed in a subset of 5 of 17 evaluable patients treated with 0.6 mg/m 2 with different schedules of reirradiation (8, 47) . The limited responses observed in our clinical trial could partially be explained by the expected activity of the relatively low dose of bortezomib (0.6 mg/m 2 ), studied thus far with different schedules of reirradiation (8, 47) , where the bortezomib serum concentration estimated from previous pharmacokinetic studies would fall in the lower concentration range (47 -49) . When limiting concentrations are present, increased interstitial pressures have been implicated in poorer bioavailability and relatively lower response rates in solid malignancies compared with hematopoietic malignancies (48, 49) . In addition, although the IC 50 for UM-SCC lines overlapped that of keratinocytes, clinically significant skin or mucosal toxicity of bortezomib other than mild rash or mucositis has not been observed in our study or even with higher doses used in major phase II clinical trials (8, 16, 17, 36 -38, 47 -49) .
We next investigated proteasome-dependent effects of bortezomib in the paired UMSCC-11A and UM-SCC-11B lines to examine the hypothesis that differences in kinetics of proteasome inhibition and/or ubiquitination could contribute to the differential response and potentially serve as indicators of sensitivity. Our studies show that bortezomib inhibits the proteasome to a lesser extent and with a slower kinetics in UM-SCC-11A cells when compared with UM-SCC-11B cells (Fig. 4A) , consistent with such a hypothesis. Previously, bortezomib-induced inhibition of proteasome activity was reported to peak in peripheral blood cells or tumor specimens 1 h after delivery of the drug (8, 28) . However, we found bortezomib-induced proteasome inhibition reached its peak in HNSCC at about 4 h after delivery even in vitro, and the peak effect was sustained for f8 h, 5 similar to observations in a murine SCC transplantation model (50) . Consistent with these differences, accumulation of ubiquitinated proteins and the extent of inhibition of NF-nB (dependent on InB ubiquitination and degradation; refs. 16, 17) after bortezomib treatment were significantly lower in UM-SCC-11A cells when compared with UM-SCC-11B cells (Fig. 4B ). In addition, we observed that, at the lower dose of bortezomib (10 À9 mol/L), the proteasome activity in UM-SCC-11A was stimulated instead of inhibited (Fig. 4A) , suggesting the possibility that proteasome activity was modified by bortezomib-inducible mechanisms that remain to be defined. These differential effects of bortezomib and low-dose stimulation of proteasome activity observed in UM-SCC-11A and UM-SCC-11B cells could potentially occur upstream of or at the proteasome level possibly due to differences in cellular drug uptake or metabolism, ubiquitinases, or chaperones affecting stability or to basal and inducible levels of proteasome components (16 -18) , which warrant investigation in future studies.
In the past, investigations have been conducted to identify the molecular mechanisms underlying sensitivity of different cancers to bortezomib, particularly in multiple myeloma. Based on these studies, there remains controversy regarding if and how much of the anticancer effect of bortezomib is dependent on NF-nB activity. In multiple myeloma, NF-nB-dependent expression of interleukin-6, ICAM, and vascular endothelial growth factor by bone marrow stroma and endothelium has been implicated in response and resistance to bortezomib (51, 52 ), but such a microenvironment is not identical to that of HNSCC or other solid cancers, which arise outside the bone marrow. Further, we did not detect differences in other NF-nBrelated genes such as Bcl-2 or Hsp27 implicated in intrinsic resistance of multiple myeloma (data not shown). Our data in UM-SCC cells, as well as others from some solid tumors, suggest that NF-nB activity is an important but not the only factor determining the anticancer effects of bortezomib (11, 19 -29, 32 -35) . Previously, our laboratory showed that murine and human HNSCC exhibit increased constitutive NF-nB activation and that specific inhibition of NF-nB increases cell death (5 -11) . At concentrations that inhibit NF-nB activation, bortezomib was able to block cell proliferation and induce cell death in a panel of murine and human SCC cells from the skin and aerodigestive tract as well as tumorigenesis in murine HNSCC xenograft animal models (11) . In addition, specific inhibition of NF-nB by an inducible InBa signal phosphorylation mutant as well as bortezomib was associated with significantly reduced proinflammatory and proangiogenic cytokines, Gro-1, and vascular endothelial growth factor production in vitro and suppression of angiogenesis in vivo (10, 11) . Furthermore, among nine UM-SCC cell lines screened in this study, UM-SCC-9 and UM-SCC-38 are the most resistant lines to bortezomib and exhibit relatively low constitutive NF-nB activity (Fig. 1B) , whereas UM-SCC-11B is the most sensitive cell line and exhibits high basal NF-nB binding and reporter activity (refs. 6, 43 and this study; Z. Chen, data not shown). The inhibitory effect of bortezomib corresponded to differences in the extent of inhibition on NF-nB activity by the reporter gene assay (Fig. 5) . In UM-SCC-11B cells, bortezomib induced a stronger and earlier inhibition of NF-nB reporter activity (Fig. 5B) ; by contrast, in UM-SCC-11A cells, the NF-nB activity was stimulated early and less inhibited by the drug (Fig. 5A) . Together, our present and previous data are consistent with the hypothesis that NF-nB is important but not the only determinant of bortezomib activity in HNSCC.
In addition to the differential effects of bortezomib on NF-nB activity, UM-SCC-11A cells, relative to UM-SCC-11B, showed significant enhancement of AP-1 reporter activity (Fig. 5E and F) , another proproliferative and prosurvival factor often coactivated in HNSCC (6, 7) . Consistent with the finding of constitutive activation of AP-1 identified in UM-SCC cell lines (6, 7), we have shown that a subset of the tumor cell lines, including UM-SCC-11A and UM-SCC-11B, overexpress gene clusters with an increased prevalence of predicted AP-1 binding motifs in their promoter region when compared with the binding frequencies of other gene promoters (41) . Because AP-1 includes Jun/Fos family protein complexes (2, 3) , and proteasome inhibitors can potentially activate AP-1 via decreased turnover of Jun/Fos, one mechanism potentially contributing to differences in AP-1 induction in HNSCC may be due to the greater accumulation of Jun/Fos available to accept signals from upstream signal pathways (18) . Previously, our laboratory obtained evidence for aberrant activation of signal pathways upstream of AP-1, including the intermediate kinase pathways, MEK/mitogen-activated protein kinase (7), and the membrane growth factor receptors, such as interleukin-1 receptor (5), epidermal growth factor receptor (7, 44, 45) , and hepatocyte growth factor/c-Met (53) . Our experiments using inhibitors of mitogen-activated protein kinase pathway kinases JNK, p38, or MEK/ERK ( Fig. 6; ref. 7 ) support the hypothesis that JNK and p38 are major pathways activating AP-1 and promoting proliferation of UM-SCC-11A following bortezomib treatment. This observation is supported by our phase I clinical investigation, where bortezomib alone significantly suppressed nuclear localization of the phosphorylated active form of the p65 subunit of NF-nB but not ERK, Jun, or STAT3 phosphorylation by immunohistochemistry in patients' tumor specimens (47) . Our data are also consistent with more recent reports that blockage of mitogen-activated protein kinase pathways can significantly enhance cytotoxicity and apoptosis in hematopoietic malignancies (23 -25, 34) . p38, JNK, and c-Jun activation have been studied in multiple myeloma, and the effects of p38 pathway on bortezomib sensitivity in multiple myeloma (23 -25, 34) are similar to HNSCC as described in this study. However, increased c-Jun and JNK activation was associated with cell apoptosis induced by bortezomib (22, 27) in multiple myeloma, which is opposite what we observed in HNSCC and presented in this article. Such differences in c-Jun and JNK functions could be tissue specific as suggested by Podar et al. (22) . In HNSCC cells, activation of JNK and AP-1 pathways has been consistently related to proproliferative, antiapoptosis, and angiogenesis functions (7, 44, 45) , which is different from observations drawn from multiple myeloma.
Based on this and previous studies, we have worked to develop biomarkers including the molecules involved in NF-nB and AP-1 pathways in our clinical trial with bortezomib combined with radiation therapy (8, 11, 47) . We have obtained biopsies from a subset of HNSCC patients with accessible tumors both pretreatment and post-treatment taken 24 h after the initial bortezomib treatment but before the initiation of radiotherapy. The intensity of baseline NF-nB/Rel, ERK, STAT3 nuclear staining, apoptosis (TUNEL), and proliferation (Ki-67) was quantified by immunohistochemistry, and effects of bortezomib on phospho-RelA, RelB, c-Rel, p105/p50, p100/p52, phospho-ERK1/2, and phospho-STAT3 was evaluated (47) . HNSCC tumor specimens showed increased baseline nuclear staining for all five NF-nB subunits, phospho-ERK1/2, and phospho-STAT3 when compared with normal mucosa. In biopsied tumor specimens obtained 24 h postbortezomib from these patients, apoptosis was detected by TUNEL staining in association with inhibition of nuclear phospho-RelA subunit of NF-nB in three of four patients, but there was no inhibition or increase in staining of nuclear phospho-ERK1/2 and/or c-Jun in these patients who subsequently progressed and in a patient with activated nuclear phospho-ERK1/2 and c-Jun in the absence of NF-nB who showed no apoptosis or clinical response (8, 47) . We conclude that the bortezomib dosage tested in this trial inhibits activation of subunits of the canonical NF-nB pathway; however, it did not block nuclear activation of the noncanonical NF-nB or other prosurvival signal pathways, such as ERK or Jun, which may contribute to early or delayed progression after partial responses observed in patients with HNSCC following bortezomib. The data from the clinical study are consistent with our findings in this study and are presented elsewhere (47) .
In conclusion, distinct differences in sensitivity to bortezomib were observed in UM-SCC-11A and UM-SCC-11B cells, including in xenograft models (Figs. 1-3 ). Our data suggest that the mechanisms underlying these differences may exist at various levels of the regulation, from differences in the extent of proteasome inhibition to variable effects on NF-nB and AP-1 transcription factor activity (Figs. 4 and 5) . We showed that bortezomib inhibited proteasome and NF-nB activities in UM-SCC-11A cells to a lesser extent when compared with UM-SCC-11B cells (Figs. 4 and 5) , and increased AP-1 activity in UM-SCC-11A cells was observed after treatment with bortezomib (Fig. 5) . Blockage of JNK and other mitogen-activated protein kinase activities could reduce AP-1 activity and synergize with bortezomib antitumor activity in UM-SCC-11A cells (Fig. 6 ). This preclinical study suggests that assays comparing the effects of bortezomib in pretreatment and post-treatment biopsies on proteasome activity, NF-nB and AP-1 signal activation, proliferation, and apoptosis could be useful to develop biomarkers for clinical trials of cancers, in which heterogeneous responses to bortezomib have been observed. These biomarkers could be relevant for determining optimal regimens for more effective therapy. Inhibition of JNK and other mitogen-activated protein kinase pathways, which block AP-1 activity and enhance bortezomib antitumor effects, may be one such combination meriting further investigation.
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